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Dry Mergers: A Crucial Test for Galaxy Formation 
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ABSTRACT 

We investigate the role that dry mergers play in the build-up of massive galaxies within 
the cold dark matter paradigm. Implementing an empirical shut-ofF mass scale for star 
formation, we find a nearly constant dry merger rate of 6 x 10"^ Mpc'^ Gyr'^ at 
z ^ 1 and a steep decline at larger z. Less than half of these mergers are between two 
galaxies that are morphologically classified as early-types, and the other half is mostly 
between an early-type and late-type galaxy. Latter are prime candidates for the origin 
of tidal features around red elliptical galaxies. The introduction of a transition mass 
scale for star formation has a strong impact on the evolution of galaxies, allowing 
them to grow above a characteristic mass scale of M*^c ~ 6.3 x 10^" Mq by mergers 
only. As a consequence of this transition, we find that around M*,cj the fraction of 
1:1 mergers is enhanced with respect to unequal mass major mergers. This suggest 
that it is possible to detect the existence of a transition mass scale by measuring the 
relative contribution of equal mass mergers to unequal mass mergers as a function of 
galaxy mass. The evolution of the high-mass end of the luminosity function is mainly 
driven by dry mergers at low z. We however find that only 10% — 20% of galaxies more 
massive than M*^c experience dry major mergers within their last Gyr at any given 
redshift z ^ 1. 
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1 INTRODUCTION 

Mergers are fundamental to the cold dark matter paradigm 
of structure formation. They not only drive mass evolu- 
tion by merging smaller dark matter haloes into larger 
ones, but they also change th e morphology of galax- 



role of dry mergers revealed that they c an explain the forma- 
tion o f slow rotating bo xy ellipticals (|Khochfar fc BurkertI 
I2OO5I : iNaab et al] bood). that they li e on the fundamen- 



tal plane ('Ciotti fc van Albada 2001'; 'Nipoti et al.l l2003l : 



ies from late to early-type (e.g. Toomre fc Toonirg 1 19721 : 



iBarnes fc HernquistlllOOa : iNaab fc BurkertlbOOSl lTand drive 



gas to the centre of the merger remnant that triggers star 
formation (iBarnes fc Hernquist 199ll : lNaab et al1l2006l ) and 
AGN activity (jPi Matteo e t al.'2005'l . Early s tructu ral stud- 
ies of elliptical galaxies by Bend er et al.l l|l992l ) already 
hinted at the mass-dependent importance of dissipation dur- 
ing their formation. In a first systematic study of the mor- 
phology of merging pairs in a CDM galaxy formation model, 
iKhochfar fc BurkertI (120031 ') could show that massive ellipti- 
cal galaxies are mainly formed from dry mergers of early- 
type galaxies, while less massive ones show mixed merg- 
ers between an elliptical and a spiral galaxy. Only ellipti- 
cal galaxies well below L« are predominantly formed by wet 
mergers from two spiral galaxies. Subsequent work on the 



iBovlan-Kolchin et al. 2006; Robertson et al. 2006), foUow 
the M, — (T-relation fjohansson et all 2008h and that they 
could possibly explain the formation of a stellar den- 
sity core in the ce ntre of the remnant due to a binary 
black hole merger (|Milosavlievic fc Merritd [2OO1I : ICrahaml 
I2OO4I : lMerrit3l2006l ). Furthermore, it has been argued that 
the strong size evo l ution of massive early- type galaxies 
dTruiillo et al' '2007"; 'T oft et al.l l2007l : Ivan Dokkum et al.l 
r2008; Cimatti ct al. 20 0j) p rovides evidence for dry merg- 
ing (Khochfar & Silkl 120061 ). In an attempt to model the 
sizo-cvolution of early- type galaxies. IKhochfar fc Sil3(|2006l ) 
showed that the amount of dissipation during mergers can 
account for the observed size evolution. In their model, dry 
mergers result in remnants with larger sizes than remnants 
from gaseous mergers of the same mass. Similar results have 
been reported from numerical sim ulations of merge rs with 
varying degrees of gas fractions by I Cox et ah! l|2006h . 
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The natural question that immediately arises is, what 
is the reason for dry merging? The early seminal work 
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of iBinnevI (|l977l ). [Sil^ l|l97'i1 ) and iRees fc Ostrike^ (|l977l ) 
predicts the existence of a characteristic mass scale, be- 
low which the cooling time tcooi of a collapsing gas cloud 
is shorter than its dynamical time tdyn, allowing for effi- 
cient collapse on a dynamical time scale and subsequent 
star formation. In massive dark matter halos with Mdm > 
10^^ Mq, one generally finds tcooi 2> tdyn and that shock 
heating of the collapsing gas supports the formation of a 
hot, static atmosphere at the halo virial tem perature (e.g. 
iBirnboim fc Dekelllioosi : iBirnboim et al.ll2007l '). From an ob- 
servational point of view, the existence of a bimodality in 
the properties of the galaxy population, occurring at a mass 
scale of M* > 3 X 10^" Mq (jKauffmann et al.lbooj '). lends 
support to the notion of a transitio n in the mode of galaxy 
formation (jPekel fc Birnboimll2006l ). Hence one expects that 
dry merging will occur when cooling is sufficiently hindered 
at masses above a transition mass scale and if the reservoir 
of cold gas in the galaxy is used up by star formation before 
the merger happens. 

The existence of a characteristic shut-off mass scale in 
galaxy formation seemingly provides a simple way to trun- 
cate star formation within galaxy formation models. Such 
an ad-hoc prescr i ption has been used in earlier work by 
iKauffmann et aO (|l999l ) with the aim of avoiding too mas- 
sive and t oo blue galaxies in cl usters, and more recently 
in work bv lCattaneo et aL I (12006'). These latter authors as- 
sume a shut-down of star formation in halos of mass ^ 10^^ 
M0 at 2 ^ 3, and show that the colour bimodality and 
luminosity function can be reproduced accurately in their 
model. The choice of 10^^ draws its support fro m two 
main arguments laid out in 'Pe kel fc BirnboimI (|2006l ) . One 
is that at this mass scal e, stable shocks appear that allow 
for shock heating of gas (jBirnboim fc Dekellliooi ). The sec- 
ond argument, more important, is that this shock-heated 
gas is generally so dilute and vulnerable to feedback that it 
literally stays hot forever and does not cool down to subse- 
quently fuel star formation. While the fi rst argument draw s 
support from various simulations (e.g. iKeres et al.l |200B ). 
the second argument is less clear. One main uncertainty is 
with regards to the heating source of the hot gas. Several 
plausible candi dates are sug gested in the literature such as 
AG N-feedback |Si k fc Reeslil998 | ). dynami cal friction heat- 
ing (|E1-Zant et all l2004l : iNaab et al.l l2007^■ or heating b; 
gravitational potential energy ( Khochfar fc Ostrikeij 1200 
IPckcl & Birnboim 200^. Neither the relative contribution 
nor the overall magnitudes with which these processes heat 
the hot gas are theoretically certain or observationally con- 
firmed to date. 

The aim of this letter is twofold. Firstly, we predict the 
dry merger rate and its evolution by adopting a shut-off mass 
scale, and secondly, we use these results to propose obser- 
vational strategies on how to test the existence of a critical 
mass scale for the quenching of star formation, that relies 
on the continued merging activity within CDM-cosmologies 
and is independent to first order on the underlying baryonic 
physics involved in the quenching process. 



2 THE MODEL 

We use semi-analytical modeling (SAM) of galaxy formation 
to investigate the effect of the shut-off mass scale for cooling 
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Figure 1. The fraction of galaxies that were formed by a dry 
major merger within the last Gyr. Lines show results for galaxy 
mass ranges 5 X 10^0 -lO", 10^^ - 5 X lO" Mq, 5 X lO" - lO^^ 
Mq and > lO^^ Mq. Galaxies with M* > M,,c = 6.3 X 10^° M 
show similar fractions of dry mergers at 2 1. 







on the galaxy population. The dark m atter history is calcu- 
lated using the merger tree proposed bv lSomerville fc KolattI 
(1999) with a mass resolution of 2 x 10® Mq. The baryonic 
physics within these dark matter haloes i s calc ulated fol- 
lowing recipes presented in ISpringel et ahl (|200ll . and refer- 
ences there in), includi n g a m odel for the reionizing back- 
ground by ISomervillel (|2002| ). In our simulation, we as- 
sume that elliptical galaxies form whenever a major merger 
{M1/M2 ^ 3.5 with Ml ^ M2) takes place. We assume 
that during this process, all the cold gas in the progeni- 
tor discs will be consumed in a central starburst, adding 
to the spheroid mass, and that all stars in the progeni- 
tor discs will contribute to the spheroid as well. Further- 
more, we also add the stars of satellite galaxies involved 
in minor mergers to the spheroid. The merger time scale 
for galaxies is calculated using t he dynamical friction pre- 
scription in lSpringel et all (|200lh and we find that the pre- 
dicted merger rate is in good agreement with observations 
l|Khochfar fc BurkertI I2001I : Ijogee et al.l I2OO8I). For more 
modeling details, w e refer the reader to lKhochfar fc BurkertI 
(2005) and Khoch far fc Silkl l|2006l . KS). Throughout this 
paper, we use the following set of cosmological parameters 
derived from a combination of the 5-year WMAP data with 
Type la sup ernovae and measure ments of baryon acoustic 
oscillations l|Komatsu et al.ll2008l ): SIq = 0.28, = 0.72, 
Qb/i^o = 0.16, 0-8 = 0.8 and h = 0.7. 

In the following we will modify our fiducial model as 
laid out in SK by adopting a quenching of cooling in dark 
matter haloes above a critical mass scale of Mdm crit ^ 
10^^ Mq at z < 3 as suggested in lDekel fc BirnboimI (|2006l ). 
Note that we allow the gas that is already in the disc to 
continue forming stars until it is used up, even after the 
host halo crossed Mdm, crit- In the following, we define as 
dry mergers, objects for which Mgas,tot/(M*,tot-|-Mgas,tot) < 
0.1, with M.gas,tot as the total amount of cold gas in both 
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Figure 2. The cumulative number densities of dry mergers as 
a function of redshift and remnant stellar mass. Solid lines are 
prediction for the model with shut-off mass scale and dashed lines 
for the model without. 



progenitor discs, and Mt^tot as the total amount of stars 
in both progenitors, respectively. Whenever we refer to dry 
mergers in the following we will mean, dry major mergers 



with M1/M2 ^ 3.5 and Mi ^ M2. 



3 EVOLUTION OF MASSIVE GALAXIES 

One of the main features of a shut-off mass scale MoALcrit 
is its influence on the evolution of massive galaxies that 
live in halos above M pM.cru- In a first implementation 
ICattaneo et al.l (I2OO6I ) could show that they were able to 
reproduce the high mass tail of the luminosity function 
ijBlanton et a l.' 2003) and hence prevent the common prob- 
lem of overproducing too massive galaxies within SAMs. 
While the low-mass t ail of the luminosity function becomes 
steeper with redshift ijKhochfar et al.ll2007l ) independent of a 
shut-off, the high-mass tail of the luminosity function shows 
a much weaker evolution with time in models with shut-off, 
due to merging being the sole mode of growth compared to 
merging and star formation in our fiducial model without 
shut-off. In Fig. [1] we show the fraction of massive galaxies 
that grew by dry major mergers within the last Gyr. In gen- 
eral the contribution from dry mergers decreases at z > 1 as 
galaxies of the same mass tend to live in smaller dark matter 
haloes that fall below Mdm.cvu- At redshifts z < 1, we find 
that in the mass range where dry mergers are significant, 
i.e. M* > M*,c ~ 6.3 x 10^° Mq, the fraction of galaxies 
that where formed by a dry merger within the last Gyr is 
between 10% at 2; = and 20% ai z — 1 independent of the 
galaxy mass. 



4 THE DRY MERGER RATE 

One critical point is the frequency of dry mergers in the 
universe. Observationally, there is still a vigorous debate 
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Figure 3. The merger rate as a function of redshift. Solid black 
and yellow lines show the overall dry and wet merger rates, re- 
spectively. The dashed and dotted lines divide the dry merger 
sample into sub-samples based on the bulge-to-total mass of the 
merging galaxies. 



going on as to whet her dry mer gers do not play a ny role 
(jScarlata et al.ll2007)'). a m ild role jBrown et"al]|2007h . or an 
important role l|Faber et al. 2007) in the growth of the most 
massive galaxies. The strategies to determine the influence of 
dry merging remain mostly centered on the evolution of the 
luminosity function and the colour bimodality of galaxies. In 
Fig. [2I we show the cumulative co-moving number density of 
dry major mergers as a function of galaxy mass in units of 
Mpc~^. We calculated this number density by counting all 
dry major mergers that occurred within the cited redshift in- 
tervals. The contribution to dry mergers comes mainly from 
galaxies around Af»,c. Galaxies more massive than M,,c do 
not contribute significantly. The number densities increase 
by a factor of ~ 2.5 from z — Oto z — 0.34 for galaxies more 
massive than M«,c. We also show results for a model without 
shut-off mass scale in the same figure. The dry merger rates 
we find in this model are almost a factor 5 lower compared 
to the shut-off model. 

To further quantify the evolution of massive galaxies 
in terms of dry mergers, we show the corresponding merger 
rates and fractions for galaxies more massive than M»,c in 
Fig. |3]&|4l respectively. We measure the dry major merger 
rate in our model by counting all dry mergers that occurred 
in our simulation volume within the last 1.0 Gyr of galaxies 
that are more massive than M,,c. This gives the merger rate 
R in units of Gyr~^ Mpc~^. The merger fraction / is then 
calculated by simply dividing R by the number density of 
galaxies more massive than M«,c at z. To mak e a consis- 
tent c omparison to earlier observational work of et al.l 
()2006l ^. we calculate the fraction of dry mergers at z = 0.5 by 
counting all dry mergers that galaxies with M« ^ 10^" M© in 
the last 150 Myr experienced and dividing it by the number 
density of elliptical galaxies with M« ^ 1O^°M0. We de- 
fine here and in the following elliptical galax;ies as galaxies 
with bulge-to-total mass ratios of B/T > 0.6. For our com- 
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Figure 4. The merger fraction of galaxies for the same selections 
as in Fig. |3] The filled star and square are the modeled and ob- 
served dry merger fra ction, respectively , for a sample of early- type 
galaxies as defined in lBell et al.l l l200d) . 



parison we only consider dry mergers between early-type 
galaxies and mixed mergers. It is likely that l atter are con- 
taminating the observed sample of lBell et al.l l|2006l ) and we 
find that in general more than half of all dry mergers are 
morphologically mixed mergers. As can be seen from Fig. 
|4]the model output agrees well with the observations. Fur- 
thermore, we find an almost constant dry merger rate at 
z ^ 1 with ~ 6 X 10~^ Gyr~^ Mpc"'' which shows a weaker 
decline to lower redshifts than the wet merger rate. The dry 
merger rate in general declines strongly at z > 1 and is two 
orders of magnitude smaller than wet mergers at z ~ 1.5. 
We continue by splitting up the sample of dry mergers based 
on the morphologies of the merging galaxies. Here we define 
galaxies with bulge-to-total stellar mass greater than 0.6 as 
ellipticals and all other galaxies as spirals. The relative con- 
tribution of different types of dry mergers to the merger frac- 
tion and rate is roughly constant throughout time. The main 
channels of dry mergers are between two elliptical galaxies 
or an ellitpical and a spiral galaxy. Dry mergers between 
spirals play almost no role and are a factor of 5 less fre- 
quent. The model predicts a large fraction of mixed mergers 
between a spiral and an elliptical galaxy. These are prime 
targ ets for the detection of dry mergers by tidal features 
f e.g. Ivan DokkumlbOOsI: iFeldmann et aLlbOOSl ). In an earlier 
study Kang et al.l (2003)(K07) investigated the morphology 
of dry merger progenitors in their SAM, finding that the 
majority is between two late-type galaxies in contrast to 
our results. There are two main reasons for this discrepancy 
between our models. While K07 use N-body simulations to 
follow the merging history of their model galaxies we apply 
the dynamical friction estimate to calculate the time it takes 
galaxies to merge once their haloes merge. It has been argued 
by e.g. K07, that this time scale is shorter than the actual 
merging time scale and hence would overproduce mergers. It 
is interesting to note, that the merger rate estimates based 
on the dynamical friction time scale in various SAMs or halo 
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Figure 5. Fraction of 1:1 to 1:2 (solid line) and 1:1 to 1:3 (dot- 
dashed line) mergers as a function of remnant stellar mass 
within the redshift interval < z < 0.06. The error bars 
show Poisson error bars Inset graph: Number density of all 
mergers (solid line) and of only wet mergers as a function of rem- 
nant mass within the same redshift interval. The black vertical 
dashed line indicates M, c7-it 



occupation models are in good agreement with the observa- 
tions of the merger rate by Jogce ct al. (200§' ). In contrast 
merger rates from SAMs based on N-body simulations fol- 
lowing sub-haloes show systematic lower merger rates than 
the observations (Hopkins et al, in prep) . Main problems in 
the sub-halo scheme for merging are too effective stripping 
of dark matter from the sub-haloes due to missing baryons 
and hence too long merging time scales, as well as calculat- 
ing the merging time scale of the satellite galaxy once its 
hosting sub-halo has fallen below the halo resolution limit 
(Hopkins et al, in prep.). At this point it is still open which 
of the two schemes gives the more physical robust results. 
The second main reason for the differences between K07 and 
our results is the star formation efficiency. While we use a 
consta nt efficiency based on the local Schmidt-Kennicutt re- 
lation (|Kennicuttl 11998^ they use an efficiency that scales 
proportional to M%lj for constant gas masses. As a conse- 
quence star formation for massive galaxies, which predomi- 
nantly live in the most massive haloes, will be more efficient 
leaving them devoid of gas, but wit h massive st e llar d iscs in 
their model. As seen in Fig. 10 of lKang et all (|2005| ) their 
colour-magnitude relation shows an excess of very luminous 
blue galaxies, most likely associated with late-type galaxies, 
that subsequently take part in mergers. It should be noted 
however, that simulations of dry late-type mergers in general 
do not reproduce the kinematics an d surface profiles of th e 
most massive elliptical galaxies (e.g. iNaab fc Truulloll200d ) 



5 A NEW WAY TO DETECT DRY MERGERS 

In the last section, we argued that it is not straightforward 
to measure the dry merger rate from the evolution of the 
luminosity function. We here want to propose a novel ap- 
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proach that is observationally well accessible. In Fig. [5] we 
show the ratio of 1:1 mergers to 1:2 mergers and 1:3 merg- 
ers as a function of remnant galaxy mass. Here we count 
the number of mergers, dry and wet, with different mass ra- 
tios that occurred within the redshift interval < z < 0.06. 
Galaxies with masses below M« < M,^c do not show any 
strong variation in their relative merger rates. Only on go- 
ing to more massive galaxies does the relative contribution 
from different mass ratios start to change. The variation 
in the merger rate is most pronounced at a mass scale of 
Mt^c, where equal mass mergers dominate the overall merger 
rate. Galaxies participating in these mergers generally live 
in halos with masses that are above Mdm^ctU- The sudden 
increase in equal mass mergers is a direct consequence of 
the shut-off mass scale MDM,crit- Galaxies that just reached 
Mt,c do not grow by star formation anymore: their main 
channel of growth is mergers. What happens is that galaxies 
grow until they reach M«,c and then stall until they merge 
with another galaxy of similar mass. Once galaxies passed 
M«_c the relative fractions of equal and unequal mass merg- 
ers approach the values below M«,c. Another signature of 
the shut-off mass scale is imprinted in the overall number 
of dry and wet mergers as a function of galaxy mass (see 
inset graph of Fig. [SJ. At Af,,c the number density of dry 
mergers gets enhanced because of galaxies growing till they 
reach M,,c and then waiting to merge. The contribution 
of wet mergers towards the number density of all mergers 
drops very steeply at masses larger M*,c and allows us to 
clearly separate the dry merger activity region. We find a 
peak in the number density of mergers around Af,,c, which 
is around the same scale re ported in a study of pair counts 
bv lPatton fc Atfieldl (|2008l ). 



6 CONCLUSION 

In this Letter, we predicted properties of dry mergers in a 
model that assumes a critical shut-off mass scale for cooling 
of gas. The impact on the galaxy population and the merger 
rates can be summarized as follows. The high-mass end of 
the luminosity function is dominated by continued dry merg- 
ers. At any redshift z ^ 1, 10% — 20% of massive galaxies 
have had experienced a dry merger within their last Gyr. We 
find a dry merger rate of 6 x 10~^ Gyr~^ Mpc~^ and that 
the number density of dry major mergers is significantly in- 
creased with respect to a model without shut-off mass scales. 
The relative fraction of equal mass mergers is enhanced with 
respect to unequal mass mergers at A'U^c = 6.3 x 10^° M© 
which marks the transition of galaxies from being predomi- 
nantly formed in gaseous mergers or through star formation 
in discs to dry mergers. In a model where the transition 
between star forming and non-star forming galaxies is reg- 
ulated by a physical process that does not result in a sharp 
shut-off mass scale, the relative rates of equal to unequal 
meiss mergers do not show a significant change with mass 
(e.g. K07). Around the same mass scale, the merger rate is 
enhanced with respect to the general trend of a decreasing 
m erger rate with mass con sistent with recent observations 
bv lPatton fc Atfieldl l|2008l ). All of these features can be ex- 
plained by considering that galaxies grow through star for- 
mation in discs only until their host halos reach MnM,crit 
and their supply of fuel in the form of cold gas stops. At this 



mass scale, efficient shock heating kicks in, as well as the gas 
becomin g prone to efficient heat ing from various feedback 
sources (jPekel fc Birnboim|[200^ . Galaxies on average have 
masses of Mt^c when this is the case, and can only grow to 
become more massive by mergers. As a result the relation 
between central galaxy stellar mass and host dark mater 
halo mass will become shallower, resulting in unequal mass 
dark halo mergers resulting in similar mass galaxy mergers 
(see also Hopkins et al. in prep). 

The results presented here can be used to test the 
existence of a shut-off mass scale (see e.g. (|Yang et al.ll2009h 
for a recent study based on galaxy group catalogue, arguing 
that this mass scale must be larger than lO^'^'^ Mq). If 
indeed various physical processes conspire to generate a 
characteristic mass scale, it should leave its fingerprint 
in the equal mass merger rate. Using systematic surveys 
of galaxies to count pair statistics one can measure the 
relative fraction of equal to unequal mass mergers and 
look for a change as a function of mass. This approach is 
rather insensitive to difficulties with observing changes in 
luminosity functions, morphologies of galaxies or signs of 
interactions, and therefore should be able to provide robust 
results even at larger redshifts. 

We would like to thank the referee for his valuable com- 
ments, as well as Shardha Jogee, Gary Mamon, Michael 
Brown and Avishai Dekel for helpful comments that im- 
proved the manuscript. 
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